among the most important endocrine cells, constituting around ϳ80% of the cell type percentage within the rodent islets of Langerhans. The physiological function of PBCs is to sense the blood glucose concentration and subsequently regulate the insulin secretory response to maintain an adequate control of energy balance and glucose homeostasis in the body (5) . The presence of high blood glucose markedly increases insulin release from PBCs through biphasic insulin granule biogenesis, trafficking, and exocytosis in normal PBCs through a variety of cellular signaling mechanisms (5, 6) . However, chronic hyperglycemia causes deterioration of PBCs functions resulting in profound dysregulation of the insulin secretion processes and impairment in PBCs sensitivity to glucose (7, 8) . Although substantial studies have showed epidemic and physiological evidence for the glucose-stimulated insulin secretion (GSIS) process in PBCs, the molecular mechanism underlying GSIS and hyperglycemia regulated insulin action is still unclear. The common GSIS model of action (9) , involving glucose metabolism, closure of ATP sensitive potassium channels leading to depolarization of the plasma membrane and subsequent opening of Calcium (Ca 2ϩ ) channels, Ca 2ϩ influx and activation of exocytotic pathways leading to emptying of insulin granules, have been challenged as incomplete (10) . Contributions from other ion channels to the depolarization processes identified through PBCs lacking ATP sensitive potassium channels open for novel molecular mechanisms underlying GSIS.
Conversely, improving our understanding of high glucoseregulated signaling pathways underlying insulin sensitivity/ secretion can contribute to the restoration of PBCs function by functional activation or inhibition of potential therapeutic targets. For example, GLP-1-based therapies are recommended to control the level of blood glucose through enhancing insulin secretory response signaling in patients with type 2 diabetes (T2D) (11) (12) (13) .
Despite the enormous effort put into ␤-cell biology to understanding the mechanisms of the dynamic time-dependent GSIS and subsequent insulin release from PBCs, only the overall signaling pathways have been characterized. One of the major problems in characterizing GSIS is the multitude of complex signaling pathways, which participate in such a highly controlled process as release of insulin, as most of the body is relying on this molecule for proper function. Many of the signaling pathways are highly controlled and regulated by dynamic, reversible post-translational modifications (PTMs), such as protein phosphorylation, which are notoriously difficult to molecularly characterize. Nonetheless, recent advances in large-scale proteomics technologies have unraveled novel signaling pathways coupled with quantities of PTMs of the islets cell systems. Although previous large-scale studies showed the quantitative analysis of the proteome or phosphoproteome in the rat insulinoma ␤-cell line (INS1-E) or islets responding to glucose (14 -16) , there is still a lack of experimental evidence on changes in phosphosites related to transient exposure of primary PBCs to glucose. In addition, little is presented to elucidate the dynamic relationships of cellular signaling mechanisms between the temporal regulation of protein expression and PTMs such as phosphorylation and especially glycosylation.
In the present study, we investigated signaling pathways associated with GSIS in PBCs derived from isolated rat islets of Langerhans. PTMomics can be defined as the global study of PTMs and is a relatively new research area aiming at understanding the function and consequences of PTMs of proteins in a cell. Specifically, our aim was to reveal which phosphosites and N-linked sialylated glycosylation sites that were reversible regulated on brief glucose stimulation and link these to cellular signaling pathways using bioinformatics tools. We have recently developed a novel quantitative proteomics/PTMomics strategy targeting both the proteome and selected PTMs such as phosphorylation, and N-linked sialylation (17) (18) (19) (20) . We applied a modified TiSH protocol (19, 21) , to enrich and fractionate N-linked sialylated glycopeptides, phosphopeptides, and unmodified peptides from PBCs derived from isolated islets of newborn rats matured over 9 days (ϳ1500 islets per condition), with low and high glucose stimulation over an initial temporal range from 0 to 15 min. We analyzed the functional significance of signaling pathways during the insulin release ␤-cells and found that the molecular events occurring are closely associated with known insulin signaling and calcium signaling pathway. We also identified new interactions network in various signaling pathways and biological context among regulated proteins and PTMs that link extracellular integrin signaling with the nuclear lumen including nuclear pore complex proteins. Especially the regulation of protein sialylation is completely novel in relation to brief GSIS and could relate to nonconventional GSIS signaling mechanisms. We highlight activated or inhibited cellular signaling pathways, based on regulated proteins/phosphopeptides/sialylated glycopeptides, which were of high relevance to increase our understanding of GSIS functions. In addition, we performed Parallel Reaction Monitoring (PRM) using heavy labeled synthetic phosphopeptides to validate the regulation of a subset of phosphopeptides and found that the validation correlated very well with the initial iTRAQ quantitative analysis, verifying the quality of the initial analysis. Moreover, we confirmed new regulators on compensatory response to high glucose stimulation compared with control using PRM and found that eleven previous unknown phosphosites (Psen1;S368, Fam135a;S40, Arfgef3;S348 and S1829, Atp2b1;S1216, Arhgef11;S51, Sphkap;S1167, R3hdm2;S872, RGD1562037;S930, C17orf59;S43, and Dennd4c;S935) were significantly phosphorylated/dephosphorylated at 10 min GSIS. Taken together, we believe this comprehensive Proteomics and PTMomics analysis will be receptor; STAB2, stabilin-2; MSR1, scavenger receptor type A; LRP1, prolow-density lipoprotein receptor-related protein 1. useful to help further decipher the molecular networks underlying the temporal regulation of GSIS.
EXPERIMENTAL PROCEDURES
Isolation and Culture of Rat Islets of Langerhans-Neonatal rat pancreatic islets were isolated from 4 to 5-days-old Wistar rat pups (Taconic, NY) essentially as previously described (22) . Pups were killed by decapitation and pancreases were dissected and placed in ice-cold serum-free Hanks balanced salt solution (HBSS; Lonza, Switzerland). The isolated Pancreas were distributed into tubes containing collagenase (Roche; final concentration 0.44 mg/ml), and partially dissociated by manually shaking the tubes for 8 min. Subsequently, islets were washed 4 times with ice-cold HBSS containing 10% newborn calf serum (NCS; Biological industries) and isolated using Histopaque (Sigma; 1.077 g/ml density) gradients for 20 min at 300 g without brake. Islets were collected from the interphase, washed 3 times with ice-cold HBSS/10% NCS and handpicked under a stereo microscope (Leica). The isolated islets were cultured for 9 -10 days in vitro (DIV) in RPMI 1640 with glutamax and supplemented with 10% NCS, 100 U/ml penicillin and 100 g/ml streptomycin (Gibco Thermo Fisher Scientific, MA) in 100 mm Petri dishes (Nunc; approx. 500 islets/dish) at 5% CO 2 and 37°C. The medium was changed the day after culture set-up and after 7 DIV.
Glucose-stimulated Insulin Secretion, Islet Collection, and Insulin ELISA-After 9 -10 DIV islets were stimulated with glucose for 0 min (control), 5 min, 10 min, or 15 min in Krebs-Ringer HEPES buffer (KRHB; 115 mM NaCl, 4.7 mM KCl, 2.6 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 20 mM HEPES, 2 mM glutamine, 5 mM NaHCO 3 , 1% (v/v) PenStrep and 0.2% (w/v) BSA; pH 7.4). Glucose stimulation was performed in 100 mm Petri dishes for islets for the proteomics experiment whereas islets used to measure insulin secretion were stimulated in 24-well plates (Nunc, Thermo Fisher Scientific, MA) containing 20 islets/well. Before the glucose stimulation, islets were incubated in KRHB containing 0.5 mM glucose (low glucose) for 90 min at 5% CO 2 and 37°C. Subsequently, the islets were stimulated with fresh KRHB (low glucose) or 20 mM glucose for 5, 10, or 15 min and islets incubated for 5 min in KRHB containing 0.5 mM glucose served as controls. In the 24-well plates KRHB was collected before and after glucose stimulation for insulin measurement. For the proteomics part KRHB was removed and islets collected in ice-cold PBS, centrifuged 1 min at 300 ϫ g and washed once in PBS followed by snap-freezing in liquid nitrogen. Approximately 1500 islets were pooled per condition in low binding safeseal microcentrifuge tubes (Sorenson Bioscience Inc., UT) to minimize loss of modified peptides binding to generic plastic tubes in the following digestion. Islets were stored at Ϫ80°C until further processing. Insulin levels in KRHB before and after glucose stimulation were determined by ELISA (Mercodia, Uppsala, Sweden) using rat insulin as standard. The ELISA was performed according to the manufacturer's instructions.
Cell lysis, Protein Purification, and Digestion-Islets for the proteomics workflow were lysed, reduced, and predigested in 6 M Urea, 2 M Thiourea, containing 10 mM DTT (all Sigma, Germany) and 2 l Lys-C (Wako, VA) supplemented with PhosSTOP phosphatase inhibitor (Roche) for 2 h at RT. Thereafter, the lysates were diluted 10 times using 20 mM Triethylammonium bicarbonate buffer (TEAB; pH adjusted to 7.5) and tip-sonicated for 2 ϫ 20 s on ice. Then, samples were alkylated by 20 mM iodacetamide (IAA) for 20 min in the dark before digestion with 2% (w/w) trypsin (Promega, WI) overnight (ON) at 37°C.
Quantitative Proteomics Using Peptide Labeling Approach-Peptide concentration was measured by Qubit® Fluorometric quantification (Thermo Scientific) according to the manufacturer's instructions. The total amount of protein for 1500 islets was ϳ135 g in each group. A total of 120 g was aliquoted from all samples and lyophilized before labeling with iTRAQ 4plex (AB Sciex). Two biological replicates were made and labeling was performed as follows: control 114, 5 min glucose 115, 10 min glucose 116, and 15 min glucose 117. The labeling was performed according to the manufacturer's protocol and complete labeling was validated by running combined aliquots on MALDI MS (Bruker Daltonics, Germany). The samples were mixed in a 1:1:1:1 ratio and stored at Ϫ20°C until PTM enrichment.
Enrichment of phosphorylated peptides and sialylated (SA) Nlinked glycopeptides-The purification of phosphopeptides and SA N-linked glycopeptides was performed according to a slightly modified TiSH protocol (21, 23) , in which nonmodified peptides are first separated from these two modified peptide species using TiO 2 . Hereafter the multi-and monophosphorylated peptides are separated from the formerly SA N-linked glycopeptides after a deglycosylation step, using the Sequential elution from IMAC (SIMAC) procedure. Briefly, the lyophilized iTRAQ labeled sample was made up to 1 ml loading buffer (1 M glycolic acid, 80% ACN, 5% TFA) and added with TiO 2 beads (GL Sciences, Japan) at 0.6 mg/100 g (bead/peptide), and incubated at RT for 10 min. The suspension was centrifuged for 15 s in a table centrifuge and the supernatant loaded onto a second batch of TiO 2 (containing half the amount of TiO 2 as initially used) and incubated at RT for 15 mins. The two batches of TiO 2 were washed with 100 l of washing buffer 1 (80% ACN, 1% TFA) and centrifuged for 15 s in a table centrifuge. The supernatant was removed, and the beads were washed with 100 l washing buffer 2 (10% ACN, 0.1% TFA) and centrifuged for 15 s in a table centrifuge. The supernatant was removed, and the beads were dried in a vacuum centrifuge for 5 min. The bound peptides were eluted with 100 l of 1% ammonium hydroxide for 15 min and then centrifuged at 1000 g for 1 min. The eluted peptides were passed over a C8 stage tip (3 M TM Empore TM Bioanalytical Technologies, SigmaAldrich, MO) (24) to retain the TiO 2 beads and dried by vacuum centrifugation to produce the enriched phosphopeptide/sialylated glycopeptide fraction. The flow through from the initial loading buffer (containing nonmodified peptides) and washes were combined and dried by vacuum centrifugation to produce the nonmodified peptide fraction. The nonmodified peptide fraction was acidified with TFA and desalted on a R3 stage tip column before HILIC fractionation.
Deglycosylation-To remove the glycan structures from the enriched SA N-linked glycopeptides the sample was resuspended in 20 mM TEAB, pH 8.0 and treated with 2 l N-glycosidase F (New England Biolabs) and 0.5 l Sialidase A (ProZyme, CA) ON at 37°C (25) .
SIMAC-The deglycosylated samples were resuspended in SIMAC loading buffer (50% ACN and 0.1% TFA) and pH was adjusted with 10% TFA within an interval of 1.6 -1.8. PhosSelect IMAC beads (Sigma Aldrich) were equilibrated with loading buffer and combined with the samples and incubated for 1 h under gentle rotation. After incubation, the samples were centrifuged and the supernatant recovered. The beads were transferred to a constricted GELoader tip (Eppendorf® AG, Germany) and the column was washed with loading buffer, collecting the FT in the same tube as the previous supernatant. Mono-phosphorylated and formerly SA N-linked glycopeptides were eluted from the column with an acidic solution (20% ACN, 1% TFA). The multi-phosphorylated peptides were subsequently eluted from the column with a basic solution (1% ammonium hydroxide solution, pH 11.3). The basic elution containing multiphosphopeptides was acidified before desalting on a R3 column and the eluted peptides were lyophilized before LC-MS/MS. The supernatants and acidic eluates collected after SIMAC were subjected to another round of TiO 2 purification to separate mono-phosphopeptides from formerly SA N-linked glycopeptides. The samples were adjusted to 70% ACN and 2% TFA and the TiO 2 beads were added to the solution and incubated on a shaker as described above. The incubation round was performed twice with half amount of beads the second time. The beads were pelleted and the supernatant was recovered (containing formerly N-linked glycopeptides). The two pellets of TiO 2 were pooled with 50% ACN, 0.1% TFA, the beads were pelleted and the supernatant was recovered. The beads were dried and bound phosphopeptides were eluted from the beads with 1% ammonium hydroxide solution, pH 11.3. The phosphopeptide elution was acidified with 100% formic acid and 10% TFA and desalted using a R3 column before HILIC fractionation. The formerly SA N-linked glycopeptides were lyophilized before desalting.
Sample Desalting-Samples were desalted before HILIC fractionation or direct LC-MS/MS analysis (multi-phosphopeptides). The desalting columns were self-made by inserting a small plug of C18 (3 M TM Empore TM Bioanalytical Technologies) material into the constricted end of a 200 l tip and packed with Poros R3 or a mixture of R2 and R3 reversed-phase resin (Applied Biosystems) applying manual air pressure with a syringe, followed by an optimized desalting procedure (26) . Briefly, the samples were acidified before loading onto the columns (equilibrated with 0.1% TFA), followed by washing with 0.1% TFA, and peptides were eluted using 60% ACN, 0.1% TFA and were lyophilized before further processing.
Hydrophilic Interaction Liquid Chromatography (HILIC)-The mono-phosphorylated, deglycosylated and the nonmodified peptide samples were subjected to fractionation using HILIC. Briefly, these samples were resuspended in 90% ACN, 0.1% TFA (Solvent B) and loaded onto a 450 M OD x 320 M ID x 17 cm micro-capillary column packed with TSK Amide-80 resin material (Tosoh Bioscience, PA) using an Agilent 1200 Series HPLC (Agilent, CA). Peptides were separated using a gradient from 100 -60% Solvent B (Solvent A: 0.1% TFA) running for 30 min at a flow-rate of 6 l/min. Fractions were collected every 1 min and combined into 12-15 final fractions based on the UV chromatogram and subsequently dried by vacuum centrifugation.
Reversed-phase nanoLC-ESI-MS/MS-
The samples were resuspended in 0.1% formic acid (FA) and loaded onto an EASY-nLC system (Thermo Scientific). The samples were loaded onto a twocolumn system containing a 3 cm pre-column and a 17 cm analytic column both consisting of fused silica capillary (75 m inner diameter) packed with ReproSil -Pur C18 AQ 3 m reversed-phase material (Dr. Maisch). The peptides were eluted with an organic solvent gradient from 100% phase A (0.1% FA) to 34% phase B (95% ACN, 0.1% FA) at a constant flowrate of 250 nL/min. Depending on the samples, based on the HILIC, the gradient was from 1 to 34% solvent B in 60 min or 90 min, 34% to 50% solvent B in 10min, 50 -100% solvent B in 5 min and 8 min at 100% solvent B. The nLC was online connected to a Q-Exactive HF Mass Spectrometer (Thermo Fisher Scientific) operated at positive ion mode with data-dependent acquisition. The Orbitrap acquired the full MS scan with an automatic gain control (AGC) target value of 3 ϫ 10 6 ions and a maximum fill time of 100ms. Each MS scan was acquired at high-resolution (60,000 full width half maximum (FWHM)) at m/z 200 in the Orbitrap with a mass range of 400 -1400 Da. The 12 most abundant peptide ions were selected from the MS for higher energy collision-induced dissociation (HCD) fragmentation (collision energy: 32V). Fragmentation was performed at high resolution (30,000 FWHM) for a target of 1 ϫ 10 5 and a maximum injection time of 60 ms using an isolation window of 1.2 m/z and a dynamic exclusion. All raw data were viewed in Xcalibur v3.0 (Thermo Fisher Scientific).
MS Data Processing and Statistical Analysis-The raw MS data sets were processed for protein/peptide identification using the MSGFϩ (v9979, 07/16/2014) (27) combined MASIC (28) pipeline with a peptide mass tolerance of Ϯ10 ppm, reporter ion m/z tolerance half width of 2 mDa, and a false discovery rate (FDR) of 1% for proteins and peptides. All peak lists were searched against both the UniProtKB/Swiss-Prot database (2015_08, 7928 entries) of rat sequences with decoy and mouse sequences (2013_06, 16,613 entries) with decoy using the parameters as follows: enzyme, trypsin; maximum missed cleavages, 2; fixed modification, carbamidomethylation (C), iTRAQ tags (K, peptide N termini); variable modifications, oxidation (M) and phosphorylation (S,T,Y). Data sets with raw MS values were filtered to remove potential errors using several criteria. For relative protein quantification, the output tsv file from MSGFϩ combine MASIC pipeline was imported into Microsoft Excel and filtered as follows: elimination of contaminants and reversed sequences for each accession number. For sialylated peptides, the N-X-S/T consensus sequence is required to be considered a deglycopeptide. Protein/ Phosphopeptide/Sialylated-glycopeptides relative expression values from the respective accession number/unique peptide were calculated by summing all reporter ion intensity of each channel and normalized to the number of total reporter ion intensity of each channel estimating the relative amounts of the different accession number within relative sample. The resulting ratios were logarithmized (base ϭ 2) to achieve a normal distribution. Ratios were averaged and an accession number/unique peptide with modification was accepted as differentially expressed proteins/peptides with ratio values (5 min/0 min, 10 min/0 min, and 15 min/0 min) beyond p Ͻ 0.1 in normal distribution. To further assess the individual statistical significance of the expression level differentially expressed protein, phosphorylation, and sialylation that had a same direction of alteration change (positive or negative) in all experiments were selected. Fragment ion masses (b-and y-type ions) with the modification were checked at the peptide backbone in the MS/MS data sets using ScanRanker and PhosphoRS (29, 30) . Clustering analysis was performed using GProX (31), using expression changes for regulated proteins/phosphopeptides or zscores (Inhibition Ͻ Ϫ2 or 2 Ͻ Activation) for canonical pathways. Gene Ontology annotation enrichment analysis was performed using the DAVID Bioinformatics Resource (v6.8) (32) . Ingenuity Pathway analysis (IPA, Qiagen, CA) was used to functionally annotate genes implicated in canonical pathways, using a Fisher's exact test with a p value threshold of 0.05.
Network Analysis for the Regulated Proteome/PTMome-The regulated proteins/phosphorylation/sialylation were searched against the STRING database version 10.0 (33) for protein-protein interactions. STRING defines a metric called "confidence score" to define interaction confidence; we selected all interactions for our regulated data set that had a confidence score Ն0.9 (the highest confidence).
Targeted Quantification Using Parallel-Reaction Monitoring (PRM) and Data Analysis-Our LC/PRM-MS assay was developed for research use, so the experimental design aligns with the goals of a Tier-2 assay (34). PRM assay was carried out using heavy isotopelabeled synthetic phosphopeptides (JPT Peptide Technologies, Germany) and a Q-Exactive™ HF mass spectrometer (Thermo Fisher Scientific). Rat pancreatic islets samples from control (no glucose stimulation) and 10 min glucose stimulation were used for validation. Heavy-labeled (K or R) phosphopeptides corresponding to endogenous phosphopeptides were spiked with peptide extracts as internal standards before performing enrichment of phosphopeptides using TiO 2 as described above. The PRM method consisted of a full MS scan configured as above followed by targeted MS/MS scans as defined by a time-scheduled inclusion list. The parameters were set as follows; MS: 120K resolution, MS/MS: 15K resolution, 3e6 AGC target, 15 ms maximum injection, 1.1 m/z isolation window, and 29% normalized collision energy for fragmentation. We used Skyline (35) (version 3.5.0.9319) for quantitative data analysis. Individual endogenous peptides peak areas were extracted from the precursor ions (M and Mϩ1), normalized using standard deviation (0 min: 0.9972 and 10 min: 1.0028) measured of summing all precursor ion areas of heavy-labeled peptides from 0 min to 10 min, and log 2 transformed for comparing 0 min (control) and 10 min for relative quantification of 13 target phosphopeptides. We assessed phosphorylation localization with PhosphoRS probability (Ͼ0.99) of iTRAQ data set and required at least one diagnostic fragment ion of PRM results. We further confirmed high correlation of retention time (Pearson correlation of 0.9997) between 0 and 10 min from endogenous and heavy peptides (supplemental Table S1 ). The Skyline files were uploaded into Panorama Public (https://panoramaweb.org/labkey/UPTjTd.url).
Experimental Design and Statistical Rationale-In this study, we used freshly isolated islets of Langerhans from newborn rats. Islets were serum starved then stimulated with 20 mM glucose for 0 min (control), 5 min, 10 min, and 15 min. Two biological replicates were performed. All the regulated proteins/phosphopeptides/sialylated peptides (z-score for p value Ͻ0.1) correlated (Pearson correlation of 0.77 to 0.79) with time scales between the two biological replicates. The PRM assay was performed using one biological replicate consisting of pool of islets derived from 20 pubs for each condition. The PRM assay was performed using several technical analyses. We chose to perform PRM assay for novel phosphosites by analyzing the sub-data set relative from the canonical insulin secretoryassociated pathways to uncover new biological insights.
RESULTS AND DISCUSSION
Temporal Quantification of the PBC Proteome, Phosphoproteome, and Sialiome-To characterize the initial mechanisms underlying glucose stimulated insulin secretion (GSIS) in PBCs, we applied a modification of our TiSH quantitative proteomics and PTMomics (nonmodification, phosphorylation, and N-linked sialylation) approach (17, 19, 36) with iTRAQ labeling using newborn rat derived islets (ϳ1,500 islets per condition), which had been matured for 9 -10 days in vitro (DIV). We used 20 mM glucose short-term stimulation over a period from 0 to 15 min (Fig. 1A) . By ELISA we confirmed significantly increased insulin release in response to high glucose stimulation for 10 and 15 min compared with controls (low glucose) (Fig. 2) . We conducted a MS-GFϩ database FIG. 1. Experimental set-up and identification overview. A, Rat pancreatic islets of Langerhans were stimulated with high glucose (20 mM) for 5 min, 10 min or 15 min and nontreated islets served as control. Islets were digested using Lys-C and trypsin, and the resulting peptides were labeled with iTRAQ 4-plex and combined in a 1:1:1:1 ratio. Phosphorylated peptides and sialylated N-linked glycosylated peptides were enriched by a modified TiSH protocol, combining TiO 2 with enzymatic deglycosylation, SIMAC and HILIC. Finally, bioinformatic analysis was performed. B, Summary of the numbers of identified proteins and peptides (FDR Ͻ 1%) in the nonmodified, phosphorylated, and N-linked sialylated protein/peptide group, respectively. The overlapping proteins and peptides between the two replicates were used for further analysis.
search of the biological duplicate experiment and identified a total of 8491, 4027, and 1011 proteins, and 61284, 11534, and 1942 peptides (FDR Ͻ 1%) in the nonmodified, phosphorylated, and formerly N-linked sialylated fractions, respectively. For the further analysis we considered only the peptides and proteins that were found in both biological replicates (Fig. 1B) . PTM analyses require markedly more material than "normal" quantitative proteomics therefore only two biological replicates were conducted here, because of the low amount of islets obtained from each rat.
To identify the high glucose-regulated proteins, phosphorylated peptides, and formerly N-linked sialylated glycopeptides, we adopted statistical significance (p Ͻ 0.1) from zscores with the same direction of alteration (positive or negative) in both experiments. Correlation data showed high reproducibility of the large-scale quantification between the two biological replicates with the expression changes of regulated proteins/phosphopeptides/sialylated glycopeptides (Pearson correlation of 0.77 to 0.79) (Fig. 3A) . In the data from the nonmodified group, 97 proteins were differentially expressed in the time course data (Fig. 3A) . In the phosphorylation group, the phosphorylation levels of 264 phosphosites were significantly altered in the temporal data responding to high glucose stimulus (Fig. 3A) . In the formerly N-linked sialylation group, the sialylation level of 88 N-linked glycosites was substantially modulated in the temporal data responding to high glucose stimulation (Fig. 3A) . The high glucose-regulated proteins and PTM peptides with phosphorylation or formerly N-linked sialylation are listed in supplemental Table  S2 . In the data set most regulation is observed at the phosphorylation level as we expected, because of the phosphorylation-dependent signaling pathways involved in glucose metabolism, calcium signaling, exocytosis, and endocytosis mechanisms observed in PBCs.
Gene Ontology Analysis of Post-translationally Modified Proteins Differentially Phosphorylated or Sialylated After High
Glucose Stimulation-To further characterize the temporal associated biological processes of differentially regulated phosphorylated peptides and formerly sialylated N-linked glycopeptides in an unbiased manner, we employed integration of unsupervised fuzzy c-means clustering analysis of relative intensity (%) and DAVID gene ontology analysis. In Fig. 3B , we showed three clusters for genes with regulated phosphorylation, involved in the regulation of cytoskeleton organization, regulation of small GTPase mediated signal transduction, intracellular signaling cascade/transport, and secretion. The results for modulated sialylation revealed significant differences between proteins associated with cell adhesion and receptormediated endocytosis (Fig. 3C) .
High Glucose Stimulation Regulates the Canonical Pathways for GSIS-We evaluated whether known signaling pathways responsible for insulin release were associated with the molecular events occurring in our temporal large-scale data set. We analyzed the pathways most related to canonical signaling pathways responding to high glucose stimulation using statistical significance (z-score and p value Ͻ 0.05) through IPA analysis. We also predicted the dynamics of activated or inhibited canonical pathways by using significant z-scores (Inhibition Ͻ Ϫ2 or Ͼ 2 Activation) and clustering analysis. Three different clustering patterns (illustrated in the upper right corner of Fig. 4A and supplemental Fig. S1A and S2A) for the signaling pathways with activation or inhibition z-scores, were found at the three time points, 5min GSIS, 10 min GSIS and 15 min GSIS, for the nonmodification group and both PTM groups (phosphorylation and sialylation), respectively ( Fig. 4A and supplemental Fig. S1A and S2A) . We further examined the regulated molecules in four representative signaling pathways with outlier ratio values, based on a statistical significance of interquartile range (IQR) test (less than quartile 1 Ϫ 1.5 ϫ IQR, or greater than quartile 3 ϩ 1.5 ϫ IQR) ( Fig. 4B and supplemental Fig. S1B and S2B) . In several outliers of the IQR test, phosphorylation of a protein was known or predicted, but no data on the precise site of modification have previously been published. In Fig. 4 , four signaling pathways (STAT3 signaling, acute phase response signaling, mTOR signaling, and signaling by Rho family GTPases) showed a significant increased level (activation) at 15 min of GSIS. In STAT3 signaling, phosphosites in the mitogen-activated protein kinase 3 (Mapk3) and mitogen-activated protein kinase 1 (Mapk1) at Y205 and Y185 were upregulated, whereas dual specificity mitogen-activated protein kinase 2 (Map2k2) at S293 and proto-oncogene tyrosine-protein kinase (Src) were detected with significant downregulated phosphosites on proteins at 15 min of GSIS. Activated STAT3 phosphorylation and signaling enhanced GSIS in PBCs (37) . The Rho family of small GTPase-mediated mTOR signaling is well known to be activated by glucose (38) , and in the acute phase response signaling implicated in type 2 diabetes and the dysfunction of   FIG. 2 . Glucose-stimulated insulin release from islets. Rat pancreatic islets grown for 9 -10 days in vitro were pre-incubated with low glucose (0.5 mM) before stimulation with high glucose (20 mM) for 5 min, 10 min, or 15 min in Krebs-Ringer HEPES buffer (KRHB). Insulin levels in KRHB before and after high glucose stimulation were determined by ELISA using rat insulin as standard. Data are expressed as mean Ϯ the standard error of the mean (S.E., n ϭ 3-5, two independent experiments). Statistical analysis was performed with one-way ANOVA followed by Bonferroni's multiple comparison test; **p Ͻ 0.01; ***p Ͻ 0.001. insulin secretion (39), but it is not known that acute phase response signaling in PBCs itself is critical to the GSIS process. Further, our data suggest that the activation of acute phase response signaling after 15 min of high glucose stimulation is considered to play an important role for the acute (first-phase) insulin secretory response to high glucose. In supplemental Fig. S1 , four signaling pathways (Integrin signaling, phospholipase C signaling, calcium signaling, and IL-6 signaling) displayed an elevated level (activation) at 10 and 15 min of GSIS. In Integrin signaling, the phosphosites in Rho guanine nucleotide exchange factor 7 (Arhgef7), microtubuleassociated serine/threonine-protein kinase 4 (Mast4), Rap guanine nucleotide exchange factor 1 (Rapgef1), Mapk3, and Mapk1 at S516, S1203, S245, Y205, and Y185, respectively, were observed. Interestingly, these signaling pathways are interrelated and closely linked to the activation of insulin secretion (40) . Furthermore, cytosolic Ca 2ϩ -dependent signaling is well known as a major signal transduction pathway mediator in GSIS (41) .
Interestingly, in this study the glucose-regulated proteins were mostly downregulated after 5 min of stimulation, whereas most of the upregulated proteins were found after 10 (42, 43) . However, the roles of nuclear proteins have not yet been examined in a large-scale study. Thus, subcellular localization-dependent studies could investigate new mechanisms that participate in the function of GSIS. An alternate splicing of the protein Atp2b1 has been found, and its function is importantly implicated in the Ca 2ϩ homeostasis as it is required for optimal cellular activity and insulin secretion (44) . In our data, we found that the phosphorylation of Atp2b1 at S1216 was validated to be significantly upregulated under GSIS conditions; however, we could not distinguish the different isoforms by the proteomics data. This new data provides new clues to elucidate the Ca 2ϩ homeostasis-mediated dynamic phosphorylation changes during GSIS processes.
FIG. 4. Mapping of affected canonical pathways by glucose stimulated insulin release from ␤-cells.
A, Affected canonical signaling pathways in rat pancreatic islets after 5 min, 10 min or 15 min high glucose stimulation on the proteome, phosphoproteome and sialylome using Ingenuity Pathway Analysis (IPA) software are shown as a radar chart. The pathways shown in the radar chart are based on one of three dynamic pathway patterns found from the activation or inhibition z-scores. The pattern is illustrated as a cluster in the right corner (the two other patterns are found in supplemental Fig. S1 and S2) . B, The regulated molecules of four representative signaling pathways were evaluated using interquartile range (IQR) test with significant z-scores (Inhibition Ͻ Ϫ2 or 2 Ͻ Activation).
In supplemental Fig. S2 , four signaling pathways (Protein kinase A signaling, ERK/MAPK signaling, cAMP-mediated signaling, and CREB signaling) showed a suppressed level (inhibition) at 10 min and activation or reverting to baseline function after 15 min GSIS. In protein kinase A signaling, three phosphosites of Plcb3, Mapk3, and Mapk1 at S535, Y205, and Y185, respectively, were significantly upregulated. Notably, PKA/cAMP/ERK/MAPK/CREB signaling is the key component of GSIS and GLP-1 action (45) .
Newly Identified and Highly Activated Signaling Pathways at 15 min GSIS-We also provide new findings with six proposed signaling pathways; agrin interactions, prolactin signaling, tec kinase signaling, actin nucreation by the ARP-WASP complex, MIF-mediated glucocorticoid, and ciliary neurotrophic factor (CNTF) signaling. These are mostly activated at 15 min GSIS, associated with a high degree of insulin secretion. A functional role for the six signaling pathways has not yet been elucidated in GSIS, even though they may play a role in PBCs biology and neuronal functions. For example, Bezakova et al. descripted that agrin interactions have critical roles in the organization of the post-synaptic density, the formation of the synapse, the activation of the Rho-family of small GTPases, the aggregation of lipid rafts, and the organization of the cytoskeleton (46) . Furthermore, Auffret et al. demonstrated that prolactin signaling is essential for PBCs development and pancreas ontogenesis (47) . Here we showed that these pathways are highly dynamic in the initial 15 min of GSIS, even with significant statistical variations at the three time-points covering the initial biphasic insulin-release. These data suggest that activation of the new potential signaling pathways may increase the insulin secretion and thus may contributes to the mechanism of GSIS. The proteins involved in significant activation/inhibition pathways are listed in supplemental Table S3 . Future studies on the six new signaling pathways will more precisely uncover their roles in GSIS.
Analysis of the GSIS Interaction Network-To systematically reveal protein-protein interaction networks among significantly regulated proteins, phosphoproteins, and formerly N-linked sialylated proteins, we used a combination of STRING (Search Tool for the Retrieval of Interacting Genes/ Proteins), DAVID (Gene Ontology annotation enrichment analysis), and KEGG pathway analyses on the temporal largescale data set. In the global protein-protein signaling network, we classified several complexes and biological context forming prominent, tightly connected and/or overlapping nodes (Fig. 5) . We show that causal relationships and individual molecular interaction with regulated PTMs drives fifteen both known and poorly defined functional annotation and signaling pathways such as integrin signaling, FGF signaling, Ras pathway, mTOR signaling, ERK/MAPK signaling, regulation of BAD phosphorylation, regulation of nuclear lumen including the nuclear pore complex, regulation of acetylation of histone and other proteins (Fig. 5) . After high glucose stimulation, glucose-mediated signals facilitated the alteration of members of cell adhesion molecule signaling (integrin signaling and FGF signaling) with sialylation across the cell surface. The phosphorylation of members of kinase activation signaling (Ras signaling, mTOR signaling, and ERK/MAPK signaling) was regulated in response to cell surface signaling pathways with altered sialylation. As downstream molecular events, the regulations of nuclear lumen, nuclear pore complex, and acetylation of histone proteins may induce the nuclear proteins translocation and transcription in nuclear environment for insulin biosynthesis and secretion. These data provide potential mechanisms that extracellular high glucose levels affected the systemic signal transduction pathways from the cell surface to the nucleus in PBCs, both involving protein phosphorylation and sialylation.
Validation of Highly Regulated Phosphopeptides with Parallel Reaction Monitoring (PRM)-Among regulated phosphopeptides, we validated thirteen differentially regulated phosphosites identified in our iTRAQ-based quantitative analysis using PRM assays with synthetic phosphopeptides (Fig. 6 and  7 ). As shown in Fig. 6 , we verified thirteen phosphopeptides in twelve proteins in the response to GSIS, which occurred in PBCs between the control (0 min) and 10 min GSIS. The PRM results showed a good correlation with the iTRAQ data (supplemental Table S1 ). The phosphorylation levels of presenilin 1 (Psen1;S368), plasma membrane Ca 2ϩ -transporting ATPase (Atp2b1;S1216), SPHK1-interactor and AKAP domaincontaining protein (Sphkap;S1167), R3H domain-containing protein 2 (R3hdm2;S872), protein RGD1562037 (S930), histone deacetylase 4 (Hdac4;S245), and BLOC-1-related complex subunit 6 (C17orf59;S43) increased significantly after 10 min GSIS compared with 0 min GSIS. However, protein FAM135A (S40), brefeldin A-inhibited guanine nucleotide-exchange protein 3 (Arfgef3;S348 and S1829), serine/threonineprotein kinase mTOR (Mtor;S1261), rho guanine nucleotide exchange factor 11 (Arhgef11;S51) and DENN domain-containing protein 4C (Dennd4c;S935) decreased significantly in the same samples. We found in the iTRAQ data that the phosphorylation level of mTOR at S1261 decreased rapidly after 15 min GSIS when compared with nonstimulated PBCs. Activated mTORC1 signaling causes ER stress and an increase of the unfolded protein response, thereby inhibiting the mTORC1 positive effector S6K1 (48 -50) . TSC/Rheb signaling promotes mTOR S1261 phosphorylation with mTORC1 activation, as well as cell growth and cell cycle progression during glucose stimulated conditions, but it has not been demonstrated that insulin or glucose regulates the destabilization of the mTOR-raptor interaction (51) (52) (53) (54) . Thus, these results suggest that mTOR dephosphorylation at S1261 may modulate insulin production/secretion or glucose homeostasis in PBCs. Interestingly, we also observed an increased level of phosphorylation of C17orf59 at S43 in GSIS condition of PBCs. Consistently, the association of C17orf59 and mTOR phosphorylation is an essential factor in inhibiting mTORC1 (55) , and this is dependent on high glucose stimulation. These data suggest that dephosphorylation of mTOR at S1261 and phosphorylation of C17orf59 at S43 may act to inhibit mTORC1 glucose metabolism, resulting in insulin secretion at high glucose conditions. In addition, histone deacetylase proteins (HDACs) are well known regulators of chromatin structure and gene transcription in the nucleus, and they are the key modulators of fatty acid and glucose metabolism in obesity and T2D (56, 57) . Our data show increased phosphorylation levels of HDACs under high glucose stimulated conditions, such as Hdac4;S245, Hdac5;S483, and Hdac6;S912. Interestingly, Ozcan et al. reported that Camk2 modulates the phosphorylation (S465 and S629) of Hdac4 and blocks nuclear translocation of Hdac4 to the cytoplasm of hepatocytes in livers from FIG. 5 . Time-resolved map of protein-protein interaction network of regulated proteins. STRING subnetworks among significantly regulated proteins, phosphorylation, and N-linked sialylation after high glucose stimulation in PBCs. The quantitative information for each node is shown as relative concentration in a box format described in the upper left corner. In the global protein-protein signaling network several complexes and biological context formed prominent, tightly connected and/or overlapped nodes. Fifteen functional annotations and signaling pathways were found interconnected and interdependent, which are outlined at the lower left part of the figure and organized in accordance with the interaction network. STRING confidence score Ն 0.9 (the highest confidence). obese mice, which promotes the PERK-TRB3 pathway and defective insulin signaling (58) . In addition, Luan et al. demonstrated that cAMP-mediated Hdac4 activation is associated with insulin sensitivity and energy balance in obesity (59) . Our data suggests a link between the phosphorylation of HDACs and control of glucose uptake and insulin processing in the GSIS cellular events in PBCs. Arfgef3 is an important protein associated with reduced insulin granule biogenesis and insulin secretion in PBCs (60) . Recent studies have shown that in Arfgef3-knockout mice, secretory insulin granule biogenesis and glucagon secretion were highly increased in PBCs and pancreatic islet alpha cells, respectively (61, 62) . Here, we provide the first evidence that Arfgef3 was dephosphorylated at S348 and S1829 under GSIS conditions, phosphosites that have not previously been identified. It suggests that dephosphorylation of Arfgef3 contributes to improve the islet functions by altering the cellular signaling mechanisms involved in GSIS, possibly acting to enhance biphasic insulin granule biogenesis and glucagon secretion in the two cell types, respectively. We also found a decrease in the phosphorylation of Dennd4c at S935, which is known to be a potential key regulator of glucose transporter (Glut4) translocation (63, 64) . Knockdown of Dennd4c significantly suppressed Glut4 translocation, thereby triggering the activation of a GTP-bound form of Rabs (63, 64) . Our results suggest that the novel phosphosite of Dennd4c may modulate the accumulation of Glut4 transport vesicles. These results provide the first molecular characterization of GSIS mediated alterations in phosphorylation with high accuracy, using our quantitative strategy on PBCs from isolated pancreatic islets. A summary of the validated phosphosites and their potential involvement in cellular signaling and PBCs functions is illustrated in Fig. 7 . These data provide substantial evidence that the regulations of these phosphosites could be accounted for fundamental GSIS mechanisms from the cell membrane to the nucleus. It remains to be examined whether this signal transduction may be directly or indirectly to increase glucosemediated (prepro)insulin biosynthesis, insulin secretory granules, or insulin secretion in the intra-islet environment.
One additional interesting finding in our data set is the strong regulation of the S646 in Neuroendocrine convertase 1. This enzyme, also referred to as prohormone convertase 1 (PC1) is, together with prohormone convertase 2 (PC2), responsible for the cleavage of the proinsulin into the mature form for insulin in the endoplasmic reticulum (ER). The regulation of the activity of this enzyme is poorly understood, but our data suggest that it is regulated by phosphorylation caused by activation of an ER specific kinase after short time glucose stimulation of PBCs. The action of PC1/2 is essential for the generation of functional mature insulin from PBCs and therefore the identification of this phosphosite as a potential activator of this protein is an important finding.
Alteration in Sialylation of Membrane Proteins Associated with GSIS-Alteration of sialic acids on membrane proteins was unexpected because the time of stimulation was very short and therefore membrane protein degradation or new synthesis and processing of membrane proteins could be neglected. However, several membrane-associated proteins were found to change specifically in the sialylation level, judged by the selective binding of sialylated glycopeptides to TiO 2 , as previously described (17) (supplemental Table S2 ). In order to obtain an overview of the protein networks that was associated with the changes, we imported the proteins showing altered sialylation in all three time points into the STRING network interaction program. The result is illustrated in supplemental are observed, including proteins involved in cell-cell interaction, Focal adhesion, Semaphorin signaling, Integrin signaling and lysosomal degradation. Many of the protein networks are interconnected, illustrating a substantial modulation of sialylation of the cell surface important for the biological outcome of glucose stimulation of PBCs. One very important group of proteins is the Semaphorins, which are membrane bound or secreted proteins that binds to the group of receptor proteins called plexins. Each group of semaphorins has their own plexin receptor. All plexin proteins have a cytoplasmic domain that encode a GTPase-activating protein for Ras-related protein (R-Ras) and a GTPase binding domain (65) , that are capable of associate with other signaling molecules and thereby initiate signal transduction pathways in the cell. For example, the Semaphorin 4C and 3E, which changed in sialylation after short GSIS, bind to the plexin B2 and A1, respectively. Both plexins also show change in sialylation after brief GSIS. The activation of these two plexins results in downstream activation of RHOA and subsequent changes of the dynamic of the actin cytoskeleton. In addition, activation of R-Ras is known to promote cell adhesion, by regulation of integrin activation, cell mobility, migration and polarity (66, 67) and it is involved in the activation of the extracellular signalregulated kinase (ERK)/mitogen-activated protein kinase (MAPK) pathway, involved in protein synthesis and cell differentiation (68) . Several of the signaling molecules downstream from the plexins identified in this study showed changes in phosphorylation, including phosphosites known to control the enzyme activity, e.g. ERK/MAPK, mTOR, PI3K (phosphatidylinositol 3-kinase), AKT (RAC-alpha kinase), and S6K (p70 ribosomal S6 Kinase) (68) .
An interesting observation, linking protein sialylation with phosphorylation directly in a PTM cross-talk, taking place during GSIS, is the regulation of the interaction between integrin's and ECM proteins in relation to various processes in the cell that determine the highly dynamic link between the cytoskeleton and its connection with the ECM, defined as focal adhesion. Several integrin's and their ligands were found to change specifically in sialylation on distinct N-linked glycosites after brief GSIS (supplemental Fig. S3 ). Activated integrin's promote focal adhesion kinase autophosphorylation on a tyrosine residue, which lead to its activation and phosphorylation of downstream proteins, i.e. Paxillin, which are involved in modulation of the cytoskeleton in the cell. In the present study we found from IPA analysis of the phosphorylation data, that actin cytoskeleton, Paxillin, RAS, RAC, and PAK signaling pathways were systematically activated after high glucose stimulation. In addition, we identified a 1.8-fold upregulation of the Y118 in Paxillin, but only in one of the replicates. The autophosphorylation site in FAK at Y397 is located on a large very acidic tryptic peptide which makes it difficult to detect by LC-MS/MS. Besides we identify alteration in phosphorylation of several guanine nucleotide exchange factors, PLC␤, SH2 domain proteins, Synaptopodin-2, Actin filament-associated protein 1 and MAPK, all known to be involved in focal adhesion. Interestingly, previous reports have shown that focal adhesion is crucial for GSIS and involves the activation of FAK and Paxillin (69) , which is involved in heavily modulation of the dynamic of the F-actin in the cell, to recruit insulin granules to the plasma membrane shortly after glucose stimulation of PBCs (70) . Blocking the interaction between the ECM and ␤1 integrin, with a specific antibody for ␤1 integrin was shown to inhibit the phosphorylation of FAK (Y397), Paxillin (Y118), and ERK1/2 (T202/Y204) (70) , strongly indicating that integrin modulation on the surface of PBCs are highly important for the subsequent release of insulin in GSIS. The interaction between ECM proteins and Integrin's is believed to be depending on the glycosylation, especially sialylation, status of integrin's (e.g. (71)), which is known to modulate its conformation (72) . For example, addition of ␣2-6-linked sialic acid to ␤1 integrin alters its binding activity to several of the ligands including fibronectin (72), Laminin (73) , and collagens (74) . Our observation that many integrin's and their ligands are changing in sialylation after short GSIS, is linking the Ca 2ϩ mediated release of insulin from PBCs with a substantial modulation of the surface protein interactions probably catalyzed by alteration in sialylation. This fast alteration in sialylation of surface proteins is peculiar, as most of the N-linked glycosites are increasing in sialylation, placing sialyltransferases central in this process. It is well known that Neuraminidases are active on the cell surface but very little has been reported on sialyltransferases outside of the Golgi apparatus. Exactly which sialyltransferases that mediates the glucose stimulation signals to the surface proteins in PBCs and how these sialyltransferases are activated in response to increased glucose levels is currently unknown and will require a substantial focus in the future to fully understand the GSIS process. However, it is evident from our study, that surface protein sialylation is an important, very much overlooked PTM involved in GSIS.
Interestingly, our data showed the increased level of sialylation on four receptor proteins (IGF2R;insulin-like growth factor 2 receptor, STAB2;stabilin-2, MSR1;scavenger receptor type A, and LRP1;prolow-density lipoprotein receptor-related protein 1) associated with receptor-mediated endocytosis at 10 and 15 min after high glucose stimulation, in concert with the regulation of small GTPase mediated signal transduction and intracellular signaling cascade/transport in the formed cluster 3 of Fig. 3B . G-protein-coupled-receptors (GPCR)-mediated signal transduction can promote a reversible redistribution of receptors from the plasma membrane to intracellular membrane through endocytosis within seconds to minutes after agonist-induced activation (75) . Moreover, these receptors are involved in regulation of cholesterol and/or glucose efflux and transport in the cell. Our data suggest that the increased sialylation of receptors (IGF2R (N386 -7 and N1647), STAB2 (N139 and N1161), MSR1 (N304), and LRP1 (N730)) may play a role of regulation of receptor trafficking, thereby inhibit the import of glucose or cholesterol into the intracellular space in PBCs.
Concluding remarks-We here demonstrate the first comprehensive temporal identification and quantification of the proteome and selected PTMs (phosphoproteins and N-linked sialylated glycoproteins) of PBCs in response to brief glucose stimulation. Our optimized workflow for the low amount of material allowed us to effectively investigate alterations in protein expression, phosphorylation and N-linked sialylation implicated in insulin secretion-related signal transduction pathways. The data presented here confirmed many signaling pathways already known to be involved in GSIS, such as pathways related to Ca 2ϩ mediated signaling, exocytosis, endocytosis and insulin granule docking. However, our study identified many novel regulatory phosphosites important for these pathways and also novel phosphosites on proteins not previously thought to be involved in the GSIS process. Among the novel finding, beside selected phosphosites and novel signaling pathways, we for the first time showed alteration in sialylation of surface proteins, such as integrins, integrin ligands, semaphorins and plexins in response to brief glucose stimulation of PBCs. The alteration in sialylation is highly connected to focal adhesion, which is known to be critical in GSIS, however, the exact biological role for the sialylation is presently not known. The identification of intracellular signaling pathways that are involved in insulin secretion on GSIS of PBCs has lead us to a better understanding of the molecular mechanisms underlying the GSIS event. This is highly important to understand the pathology underlying metabolic diseases such as type 1 and 2 diabetes and to identify novel targets for the treatment of these diseases. We believe that the data presented here will be useful as a blueprint for future studies of the mechanisms of high glucose-regulated hyper insulin production/secretion in primary PBCs.
